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Ladies and Gentlemen:
Twenty-five years ago I landed in New Haven with a suit-case,
a few dollars, and an urgent desire to study chemistry and biology of
which I had already had the hors d'oeuvre, as it were. I was
properly matriculated, with advanced standing, in the Sheffield Sci-
entific School. Although I intended to major in chemistry, my
chief concern that first week was how to earn "bread and butter,"
not to speak of meeting tuition and other charges less gastronomic in
character. The only person I had ever heard of in New Haven
was Professor Ross Harrison and I was told that he was an Embry-
ologist. I finally found myself in his office, and with a timidity
as great on that occasion as it is to-night, I presented to him the
records of a few elementary observations which I had made in his
subject-naturally seeking some credit. Credit was promised, with
reservations!
Just how it came to pass, I do not recall, but I was turned over
to Professor Wesley R. Coe, then Division Officer, who, with the
skill of a magician, showed me how I could get through Yale in
one year instead of the expected two, provided, of course, that I
would major in biology instead of chemistry. The case was quickly
closed. Being from that moment on a presumptive biologist, I
returned in due time to Professor Harrison, who undoubtedly did
the greatest bit of academic gambling in his career by taking me
on as laboratory assistant in the course in embryology for which I
received the cherished sum of $5 per week. During that year as a
senior in biology I was exposed to but one short course in zoology,
and virtually became a botanist. To such an extent did I become a
botanist that the following year, my first year of graduate work, I
was made laboratory instructor in plant morphology, and became
saturated with the odor of the bryophytes and the cryptogams. I
* The fifth Harry Burr Ferris Lecture in Anatomy, delivered at Yale University,
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then entered into a real conflict, not being able to decide upon which
branch of this dichotomous subject (Biology) I would eventually
decide to perch. I finally woke up, however, on the zoology limb
and elected todo my major work inthe field of experimental embry-
ology-a subject which has commanded my interest and has con-
sumed much of my energy for 22 years.
Early in my graduate career I was advised of the desirability of
obtaining instruction in human anatomy, and in the fall of 1915 I
found myself under the eaves of the old anatomy building at 150
York Street, where I spent one of the most profitable and inspiring
years of my life as a student of Professor Harry B. Ferris, in whose
name I have the honor of being called here to-night. Under his
instruction the cadavers and boxes of rattling bones were not things
belonging to the dead, but to the living, and whereas many of the
facts which he taught have been forgotten, his inspirational methods
of presentation-not to speak of his untiring patience and intellectual
integrity-made a lasting impression on all who studied under him,
and it can be said in truth that in Dr. Ferris' retirement from active
service Yale has been deprived of one of her greatest teachers.
Although, among my Yale colleagues and others, my name is
rather specifically associated with the field of experimental embry-
ology, I have chosen on this occasion to avoid reference to this
subject, prompted either by my desire not to inflict any further pain
on my embryologist fiiends in New Haven, among whom I have
already peddled my wares on various and sundry occasions, or per-
haps to avoid the embarrassment and the feeling of futility of
carrying coals to Newcastle.
My reason for selecting "Vertebrate. Photoreceptors" as a topic
for discussion to-night is motivated entirely by my own personal
interests in this subject. Extending over a period of more than
20 years, I have collected, from time to time, the eyes of various
vertebrates. These have been studied primarily through the eyes
of an anatomist, and it might be well to fortify myself at this junc-
ture by warning you that I am neither a physiologist nor a chemist,
hence I cannot speak in any authoritative way about spectral physi-
ology or about the photochemical processes of vision, although I may
have the temerity to refer in an elementary way to certain of these
aspects of the visual functions.
Perhaps the most important generalization concerning vision was
made in 1866 by Max Schultze,37 who discovered that the vertebrate
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FIG. 1. Scction through the human retina (from figure 475, Bailey's Text-
book of Histology, 9th Ed.). I, choroid; 2, pigment epithelium; 3, rods and
cones; 4, external limiting membranc; 5, external nuclear layer; 6, external molec-
ular (plexiform) layer; 7, internal nuclear layer; 8, internal molecular (plexiform)
layer; 9, ganglion cell layer; 10, nerve fiber layer; 11, internal limiting membrane.
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retina, and particularly that of man, possesses two types of visual
elements, namely, rods and cones, and that these elements subserve
different visual functions. Further elaborations of these findings
were made by Parinaud and by Von Kries, and led respectively to
the so-called Theory of the Double Retina (Parinaud) and The
Duplicity Theory (Von Kries). Briefly stated, the theory holds
that the rods are concerned with colorless vision at low intensities,
and that the cones constitute the apparatus concerned with vision at
high intensities, as well as with the perception of color. The cones
are not necessarily assumed to be utterly useless at night, but rela-
tively so, for the majority of them possess thresholds which are
much higher than the highest thresholds of the rods.
This theory, since its original conception, has been generally
regarded as well substantiated. A recent exception consists of the
work of Mademoiselle Verrier,40 who regards the so-called rods and
cones as representing extreme structural variations of a single photo-
receptor cell-thus doing away with the concept of morphological
and functional duality in the retina. Regardless of this, the duplic-
ity theory has received, in recent years, indubitable support by many
physiologists, notably by Hecht20" 21 and his associates in their exact
physiological measurements of the major functions of vision, viz.,
dark adaptation, intensity discrimination, visual acuity, and the
phenomenon of flicker.*
In the light of the duplicity theory the presence and relative dis-
tribution of rods and cones in the eyes of vertebrates become matters
of first importance to anyone who endeavors to study vision from a
comparative point of view.
The generally described regional layers of the retina and the
structural elements composing them are brought out in figure 1.
It is generally assumed that each,cone makes a centripetal synaptic
connection with a single bipolar cell, whereas several or many rods
*become related to the dendritic ending of a single bipolar cell
(figure 2). Such a condition presents favorable structural situations
providing for summated conduction for the rods and individual iso-
lated conduction for the cones, thus not only enhancing rod vision at
low intensities, but favoring greater visual acuity of the cones at
high intensities. This condition, however, is not borne out by many
published illustrations.
*See also Crozier et al., J. Gen. Physiol., 1937, 21, 17.
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The Structure of Visual Cells
Vertebrate photoreceptors present a considerable variation in
form, size, and structure. Typically the cone is a conical element
FIG. 2. Plan of the retinal neurones as shown by the Golgi method, showing
individual connection of the cones with a single bipolar cell, and multiple connec-
tions of the rods with a single bipolar cell (redrawn from Greeff and Cajal).
possessing two major parts-an inner and an outer segment. The
conical shape of the outer segment is the morphological feature
which has long since been used to distinguish this cell as a cone;
whereas the shape of the outer segment of the rod is typically cylin-
drical. The inner segments of both elements possess a nucleus
which lies on the vitreal side of the external limiting membrane.
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The cone inner segment typically possesses an ellipsoid and a myoid
element. Frequently, in addition, there are present a highly refrac-
tive globular structure, called the paraboloid, and an oil drop which
occupiesthe distal end (figure 3).
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FIG. 3. Cones from various vertebrates. A, Teleost (Ameiurus); B, Urodele
(Amblystoma); C, Anuran (Rana); D, Chelonia (Chrysemys); E, Lacertilia
(Sceloporus); F, Crocodilia (Alligator); G, Lacertilia (Eremias); H, Lacertilia
(Phrynosoma), I, Aves (Gallus); J, Mammalia (Sus and Homo)-n, nucleus;
m, myoid; p, paraboloid; e, ellipsoid; o, oil drop; os, outer segment.
In the rod there is frequently present a refractive disc occupying
a position corresponding to the oil drop of the cone. Many forms
possess an ellipsoid; a paraboloid may or may not be present. All
rods possess a myoid which, as in the cones, extends through the
external limiting membrane (figure 4).
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The Basis for Rod and Cone Classification
The question as to what constitutes a rod or cone would seem
to be a simple matter, but the great variety in the form of these cells
in different animals makes difficult a general classification.
Although structural differentiation is usually based upon the form
of the outer segment (cone-shape vs. rod-shape), Putter35 claimed
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FIG. 4. Rods from various vertebrates. A, Teleost (Ameiurus); B, Urodele
(Amblystoma); C, Anuran (Rana); D, Crocodilia (Alligator); E, Lacertilia
(Gecko); F, Mammalia (Mus, Sus, Homo)-n, nucleus; m, myoid; p, paraboloid;
e, ellipsoid; os, outer segment.
that it is the mode of centripetal connection with the bipolar cell
which serves as the real basis for classification. According to him,
all cones have dendritic endings, and the rods, knob-like or molec-
ular endings regardless of their external forms (figure 5B). Diur-
nal birds, however, possess visual cells which, from their general
form, should be called rods, and are called rods by Franz,"5 yet
they possess terminal dendritic connections typical of cones (fig-
ure SA). There seems little or no reason to regard them as
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cones, however, on this basis, for their functional behavior is typical
of rods (figures 6 and 7). On the same basis Putter claims that all
reptiles possess cones only, yet we know that certain groups of rep-
tiles are strictly nocturnal in
their habits and that their
visual cells have all the other
structural characteristics of r
rods. Further, as everyone c
knows, the cones at the
fovea of man and mammals
are attenuated, cylindrical-
shaped elementsandcertainly
look more like rods than c
cones; yet, regardless of
their shape orcentripetal con-
nections, their known func-
tion fits in entirely with the
physiology of cone vision,
and I think no one dealing
with the physiology of the
foveal vision would attempt
to deny' the fact that the 0 fovea (at least about 20)
is totally lacking in rods.
In many groups of verte- A B
brates which possess both
tvpes of visual cell, further FIG. 5. A, Dendritic centripetal endings
identification is rendered of both rods (r) and cones (c) in birds, ac-
possible by the directy o cording to Franz (1913); B, molecularcentri-
(inv1Dle Dy telrse) °P- petal endings of rods (r), and dendritic end- posite (inverse) photome- ings of cones (c) according to Greeff (v.
chanical responses to light. Patter, 1908).
Retinal Structure and Animal Habits
So dosely correlated is the mode of life of the animal with the
structural make-up of the retina, that I think that from a histological
examination of the retina one can predict with reasonable assurance
something of the habits of the animal, as well as its visual ability.
Pure cone retinae, such as exist in the majority of reptile forms,
are indicative of a diurnal mode of life and forms possessing this
type of retina have little capacity of vision in dim light. On the
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other hand, such forms as the Gecko, which are cone-free, the croco-
diles, with their rod-rich retina and assisted by the presence of a
light reflecting tapetum, and many other forms which have a retina
rich in rods, possess a mechanism particularly adapted for nocturnal
life. Certainly we are all aware from personal experience that our
domestic neighbors, the rats and mice, are much more "ontheir toes,"
so to speak, at night than they are in the daytime, and the bats which
possess a pure rod retina begin their activities with approaching dusk.
Upon this same basis of structural differences in the retina, birds
also-become divisible into two functional groups, viz., day birds and
night birds. It is a well-known fact that ducks migrate during the
day-time and settle down for the night, whereas many birds migrate
only at night, and almost yearly we hear of scores of migrating night
birds encountering death on the wing, by flying into strongly illumi-
nated tall buildings, apparently dazzled by the bright light.
The Pottos, Lorises, and Galagos, belonging to the Lemur
family, are essentially nocturnal animals. These animals, which
belong to this lower branch of the anthropoid stem, leap from bough
to bough only at night, when they also do their feeding. I have,
recently observed some Galagos in captivity. During the day they
sleep and do not touch their food, but at night they become very
active in their cages and their food dishes are always empty in the
morning. Unfortunately, I have not yet been able to obtain one
of their eyes, but I believe I am safe in predicting that the retina
is either a pure rod or at least one very rich in rods. Many other
examples could be cited to illustrate this correlation between the
structural peculiarities of the retina and the mode of life of the
animal.
The presence or absence, therefore, of either rods or cones in the
retinae of different forms and the relative distribution of these two
elements in those eyes possessing both types of visual cell, become
matters of first importance in a comparative study of retinal adapta-
tion to light and darkness, and also give us a structural foundation
which is prerequisite to an adequate study of the light-perceiving
value of the retina as well as to the study of color vision.
Phototropic or Photomechanical Responses in the Retisna
We may pass now to a brief survey of the occurrence and sig-
nificance ofcertain photomechanical changes orphototropic responses
which occur in the vertebrate retina. The chief changes which occur
492FIG. 6. Photomicrograph showing rod and cone visual cells of the chicken.
x 630.
FIG. 7. Photomicrograph showing pure cone retina of the turtle. Note large
ellipsoids and oil droplets (vide fig. 3). x 850.lb ,. -.
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FIG. 8. Photomicrograph of light-adapted frog retina showing expanded (mi-
grated) epithelial pigment. x 350.
FIG. 9. Dark-adapted frog retina showing contracted epithelial pigment. x 350.
FIG. 10. Light-adapted retina (theoretical).
FIG. 1 1. Dark-adapted retina (theoretical).VERTEBRATE PHOTORECEPTORS
in response to photic stimulation are: (1) movements of the pig-
ment in the epithelial pigment cells, (2) changes in the form and
length of the visual cells, and (3) changes in the form, shape, and
stainability of cells other than the rods and cones.
Variations in the degree to which pigment extended down
between the visual cells was noted as early as 1856 by H. MUller.8'
Morano,`8 in 1872, also noted the inconstancy of epithelial pigment
distribution. It seems, however, that the first observations regard-
ing the effect of light upon the retinal pigment were recorded by
Czerny,9 who found that after light stimulation the pigment epi-
thelium and the retina were less easily separated. But to Boll6 and
to Kuihne29 goes the credit for the discovery of pigment migration.
These investigators working independently found that in the light,
the retinal pigment of the frog extended nearly to the external
limiting membrane, whereas in the dark, the pigment contracted
back into the body of the epithelial cells so as to form a compact
layer next to the choroid (figures 8 and 9). Kiuhne predicted that
a phototropic action on retinal pigment would be found in all ver-
tebrates. His prediction has not been substantiated entirely, for
these changes in the eyes of mammals and man have never been
convincingly demonstrated. Likewise, with the reptiles the results
have been contradictory.
Following this discovery a host of workers investigated the
phenomenon in the eyes of all vertebrate groups, and the literature
has become extensive. Not only was it found that light causes a
migration of the epithelial pigment, but it brings about, as well,
positional changes of the visual cells. The discovery that cones
alter their lengths with respect to light and darkness was made. by
Van Genderen Stort89 in 1884, although the earliest announcement
was published in 1885 by Englemann"3 in whose laboratory this
work was done. To the contractile portion of the inner member
of the cone, Englemann applied the term "myoid." Angelucci,1 in
1884, was the first to observe positional changes in the rods. He
claimed that the frog myoid shortened after exposure to light, and
he later applied the term "myoid" to the contractile portion of the
rod, as Englemann had done for the cone.
Arcoleo2 alsoreported ashortening of the rod myoid in thelight,
but Lederer"2 challenged the results of previous investigators and
claimed that the rod myoid elongates in the light, thus supporting
the contention of Van Genderen Stort.
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Curiously enough, up to 1914 all of the observations dealing
with positional changes in pigment and visual cells were made by
workers of continental Europe. Neither English nor American
scientists concerned themselves with this phase of retinal physiology.
Under the direction of Professor G. H. Parker, Arey undertook the
investigation of these phenomena in the eyes of fishes and anuran
amphibians, and I, under the direction of Dr. Henry Laurens, began
an investigation on the retina of various reptiles.
Arey not only investigated the phototropic responses under
ordinary conditions of light and darkness, but studied the effects of
temperature, anesthetics, oxygen, central nervous control, and other
variables upon these processes. Using the frog, I have studied
also the effects of temperature, as well as the effects of constant
and induced currents when passing through the excised eyes of
Chelonians.10
It is not possible to go into detail regarding the results obtained
by the many investigators dealing with phototropic responses of the
retina to light. In general, we can say that the most extensive pig-
ment migration occurs in fishes and anuran amphibians, and in both
diurnal and nocturnal birds. In the reptiles where, in the majority
of forms, there are cones only, the results have been contradictory.
Laurens and I,`' however, obtained definite evidence of pigment
migration and visual cell changes in the Alligator, which possesses
both rods and cones; in certain Chelonians and Lacertilians, with
cones only, slight changes were observed in the position of the
pigment and in the photoreceptors. In the mammals, limited
changes have been described, but the evidence is very meager, and
I think it can be said with reasonable safety that no pigment migra-
tion nor visual cell movements have ever been shown to take place
in the human eye. Yet, even today, references can be seen (princi-
pally in text-books) which ascribe to the human eye the phototropic
responses which so typically take place in the eyes of lower verte-
brates. In this connection it might be interesting to quote from
the last (1936) edition of Starling's Human Physiology, in which
Hartridge says: "Structural changes occur on exposure to light:
firstly, movement of thepigment from the outer epithelial layer into
the spaces between the rods and cones; secondly shortening of the
cones themselves . . . These occur only when the connections of the
eye with the brain are intact." Since he is describing the human
eye, one can only get the impression that he considers these changes
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as taking place therein, although he refers to Englemann's original
figures of the frog retina.
Recently, Welch and Osborn47 have demonstrated a diurnal
rhythm in the so-called phototropic responses of the catfish eye.
They found that the extreme dark adapted retina was obtained only
if the eyes are prepared during the night. If the animals are
allowed to remain in the dark, the visual cells and epithelial pig-
ment may approach the typical light conditions at the time of sun-
rise and tend to return to the dark position at sunset. They found,
further, that with constant illumination for from 24 to 48 hours
the rods and cones maintained throughout the typical light condition.
When kept in darkness, however, for a similar period, the positions
of the rods and cones are characteristic of extreme dark adaptation
during the night, but during the day they approach the conditions
characteristic of light adaptation. If the existence of a similar per-
sisting diurnal rhythm should be demonstrated in the eyes of other
forms, it is apparent that many measurements which have been made
in the past on positional changes in the pigment and the visual cells
will be subject to modification.
Significance ofPhotonechanical Changes
Much has been written concerning the functional significance or
adaptiveness of these photomechanical changes in the vertebrate
retina, and there is no doubt, as Arey once expressed it, that many
of these theories reveal the resourcefulness of the human mind
rather than the ingenuity of nature. Time will permit the con-
sideration of only a few of these theories. Herzog23 and Exner
and Januschke'4 maintained that these changes represent a mechan-
ism for adaptation of the eye to day and twilight vision. In dim
light, or in darkness when the rods alone are capable of being stimu-
lated, the pigment moves back and leaves free the spaces between
the rods, resulting in a less complete insulation of these elements.
Under these conditions, with the entrance of a small amount oflight,
the part played by the individual rods in the reception of light,
owingto refraction and diffusion, is greater than if theywere covered
by a thick mantle of pigment, in which case only the light which
passes through the retina in the direction of the long axis of the rods
could enter them. The presence of a light reflecting tapetum fur-
ther enhances favorable conditions. The cones, under these con-
ditions, are not functional, on account of their high thresholds, and
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they elongate and thus move out of the way. The rods contract
and so optimum conditions are presented for their stimulation.
In bright light, the pigment migrates forward and protects the
rods, which have a low threshold and which have been made sensi-
tive by the accumulation of visual purple in the dark, from too
strong stimulation by absorbing the direct and scattered light. The
rods elongate, while the less sensitive cones are drawn out of the
pigment by their myoids and are thus made freely accessible to the
stronger light stimulus-presenting optimum conditions for their
stimulation. The theoretical situation is illustrated in figures 10
and 11, the actual condition as observed in the eyes of Ameiurus is
illustrated in figures 12a and 12b.
Garten,17 who weakened the theory of Exner and Januschke,
maintained that the function of the expanded pigment is to absorb
all light which might escape from. the visual cells by refraction;
that were it not for the optical isolation of the visual cells by the
pigment a great deal of light would be scattered in all directions, on
account of the large ellipsoids (such as occur in fishes) and the
strongly refractive oil drops (amphibians, reptiles, birds), and
would stimulate the neighboring rods and cones. In the long,
slender rods such as occur in mammals, however, total internal reflec-
tion prevents this dispersion of light. This is borne out by the fact
that in pure rod retinae, such as in the dogfish (figure 14), the pig-
ment is entirely lacking; in the rat and bat retinas it is very sparse
(figure 13). The conclusions drawn by Garten possess, at least, the
merit of being based on actual observations. Certainly in the mam-
malian eyes which I have examined (mouse, bat, guinea-pig, dog,
rabbit, cat, monkey, and man) the rods are slender elements with no
refractive bodies and the pigment is not only scanty, but for the most
part totally absent in the regions of those eyes which contain a
tapetum. When we examine the Gecko retina, where the rods
possess a well-developed "barrel-shaped" ellipsoid and a large para-
boloid, there occurs a heavy zone of pigment which almost com-
pletely surrounds the outer segments of the rods (figure 15).
One can hardly see the reason for the heavily pigmented retina
in the nocturnal Gecko unless it be to absorb refracted light. The
evidence for such a correlation is not conclusive, however, and the
crucial test, as Arey3 suggested, would consist in determining the
indices of refraction of the rods in the pigment-free retinas of certain
Elasmobranchs, in the heavily pigmented retinas of birds, and in
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FIG. 12. A) I)ark-adapted and B) light-adapted retina of Ameiurus nebu-
losus. Redrawn from Arey (1919).tP4
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FIG. 13. Photomicrograph of 18-day-old rat retina showing scanty epithelial
pigment. x 850.
FIG. 14. Photomicrograph of dogfish retina showing absence of epithelial pig-
ment. x 430. From preparation by R. L. Carpenter.
FIG. 15. Photomicrograph of Gecko retina showing abundant epithelial pig-
ment between rod visual cells. x 850.
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other forms presenting intermediate conditions. I think we are
forced to admit that in the mammalian and human eye, the very
sparse amount of pigment present could hardly serve in any way
to absorb scattered light and optically isolate the visual cells. This
phenomenon of pigment migration, therefore, so characteristic of
the lower vertebrates, and which may serve as a means of adaptation
of the eye to light and darkness, has entirely lost its function in the
mammalian and human retinas. This matter has been discussed by
Walls,44 who suggests that correlated with the backward ortho-
genesis in the pigment migration is a forward progress in the devel-
opment of the iris reaction. He calls attention to the fact that in
fishes "the pupil is practically stationary; in the amphibian it
expands and contracts within narrow limits; in reptiles the response
is about the same as in amphibians, while in mammals and man the
response is very rapid and very extensive." Walls thus assumes
that the rapid pupillary reaction is a much more efficient mechanism
for protecting the retina against too much light than are the slug-
gish pigment and cell movements. As valuable as this suggestion
appears to be, the fact cannot be overlooked that in birds, where the
iris response is more rapid than it is in the mammals, the pigment is
not only abundant, but undergoes extensive migration. Further-
more, in the Gecko with a vertical slit pupil, rapidity of the iris
reaction surpasses that of the human and approaches that of birds
(Rochon-Duvigneaud3"), yet here too we find very heavy pigment
processes surrounding the outer segments of the rods. Walls recog-
nizes this condition in the birds, and says, "It must be admitted that
the situation in nocturnal animals where both kinds of phenomena
are lacking, and in the birds, where both kinds of phenomena are
present to a marked degree, is disturbing to this suggestion, but the
nocturnal animals have little or no need for either mechanism, and
the eyes of birds are so aberrant in many respects that perhaps we
are safe in dismissing them in this instance." Personally, I cannot
see the reason for regarding bird eyes as being so aberrant. They
possess a double retina, many have a fovea centralis, and some a
double fovea. With respect to their structural characteristics they
are more typical than are the eyes of many other animals where only
one type of visual cell is present. Furthermore, facts do not bear
out the statement that in nocturnal animals the pupillary response
is absent. The Gecko is typically a nocturnal animal with a pupil-
lary response surpassing that of man (vide supra), and it is said that
497YALE JOURNAL OF BIOLOGY AND MEDICINE
the spotted night snake (Hypsiglena), a nocturnal form, exhibits
an extremely rapid pupillary response.
The Relation of Retinal Structure to Visual Acuity
We are all aware that the fineness of detail which a photosen-
sitive surface, such as a photographic plate, can register depends
upon the fineness of the emulsion. If the receiving elements are
fine and dose together, one obtains much greater detail than when
using a coarse emulsion with the particles far apart. This situation
is precisely what one finds in the retina. A low visual acuity sig-
nifies that the average distance between the active retinal elements
is large, whereas a high visual acuity means that the distance is small.
The vertebrate retina varies greatly in this respect, but since the
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FIG. 16. Distribution of rod and cone thresholds according to Hecht (1928).
number of rods and cones is fixed structurally in any given region
of the eye, it is apparent that the number of elements per unit area
must vary functionally in order to mediate the great variation in
visual acuity accompanying-changes in illumination. This has been
shown physiologically by a number of investigators.
Working with brightness discrimination, Koenig found that the
whole range of intensities visible to the eye is made in 572 discrete
steps in intensity recognition. About 30 of these are mediated by
the rods and 542 by the cones. Hecht"8 has critically analyzed
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Koenig's findings, addingphysiological support to these data. With
lowest illumination, vision is a function of the rods. As more and
more rods reach their thresholds and become functional, visual acuity
increases. With still further increase in illumination the first cones
begin to function, but visual acuity is still mediated by the rods
because there are still more active rods than cones. Presently, with
further illumination, visual acuity becomes determined entirely by
the cones and the gradual augmentation of the number of functional
cones will continue until all are active and no further change in
visual acuity is possible. The distribution of rod and cone thresh-
olds assumed by Hecht to describe quantitatively the data of Koenig
is given in figure 16. Here it is seen that a few of the cones have
thresholds below the rods. We see, therefore, that the requirements
for the large variations of visual acuity cannot be met by the struc-
tural make-up of the retina alone, and that they are fully met by
the visual cells possessing different thresholds. Since, however, the
resolving power of the retina depends also upon the size and aver-
age distance apart of the photosensitive elements, it is apparent that
vision must vary gready in different forms. In fishes the visual
cells, particularly the rods, are distinctly larger and further apart
than in the mammals. The same can be said of the amphibian
retina, although in these groups as well as in all others possessing a
double retina, cones are typically smaller and more numerous in the
fundus than they are out towards the ora serrata, whereas the rods
become more numerous.
In the pure cone retinae of the Chelonians (tortoises) and in
other forms there is a small region in the optical axis of the eye
where the cones are distinctly smaller and more numerous than in
the remainder of the retina. The increased numbers of cone nuclei,
therefore, cause a bulging and thickening of the external nuclear
layer. This-region is called the "area centralis retinae" and appears
to be a forerunner of the development of the fovea. The con-
centration of numerous smaller elements in this area no doubt pre-
sents a structural condition enhancing greater visual acuity than in
those eyes where it is not present. In the diurnal Lacertilians, a
true fovea centralis has developed and when one compares the
highly developed fovea of such animals as the horned toad and the
chameleon with that of the human, one can only be led to believe
that in the former the conditions for high visual acuity are more
nearly met than in man. The elements in the chameleon fovea are
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extremely long, slender, and dosely packed. So deep is the foveal
depression of the chameleon that all of the nudear layers are dis-
placed laterally. In the human fovea, the depression is not nearly
so deep, the external nudear layer is continuous over the foveal pit,
and the cones are not so fine as in the chameleon fovea. The com-
parison is seen in figures 17, 18, 19, 20.
In the alligator, Chievitz7 first described a tapetum extending
through the entire upper half of the retina in the form of a bright
band. In this band he found a fovea in the form of a very super-
ficial narrow furrow with thickened edges, and running horizontally
across the entire tapetum, about 1 mm. from its lower edge. In
my own studies on the alligator retina, I described the tapetum and
the relative distribution of cones and rods in the eye, but did not
observe a striped fovea. My sections, however, were cut vertically
and probably outside the foveal area.
Many birds possess a fovea centralis, particularly the rapacious
birds, where also a less developed temporal fovea is frequently
present. The swallow likewise has a double fovea, one central and
one temporal (figures 21, 22; 23). The marked visual acuity of
these birds is well recognized. In discussing the fovea, Walls48
says, "Surely a hawk with a million foveal cones per square milli-
meter would not be expected to have a fovea inferior in all-around
efficiency to that of man, and performance indicates quite the oppo-
site." I do not know where Walls obtained his information, but
one million cones per sq. mm. would necessitate practically a solid
aggregation of cones 1,u in diameter. In the hawk fovea shown in
figure 22, the elements do not seem to be so slender as they are in
the reptile fovea, although I have not made comparative measure-
ments.
In the human eye there are about 40,000 cones per square mm.
at the fovea, which would mean that the distance between the cen-
ters of 2 adjacent cones would be about 2.51.. Just how much
greater the resolving power is in a unit area with cones 1IL in diam-
eter as compared with 2.5L, I am not in a position to say. Appar-
ently, the diffraction pattern sets a limit on resolution and this
depends upon such factors as size of aperture and distance from the
lens to the receiving surface.
I am not trained in physiological optics and, therefore, do not
feel competent to discuss this matter, but it offers an interesting
problem to the physicist. However, it is apparent from the illustra-
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FIG. 17. Photomicrograph of the fovea centralis of the Chameleon. x 50.
FIG. 18. Photomicrograph of the fovea centralis of the Chameleon. x 200.19
20
FIG. 19. Photom:icrograph of the human fovea centralis. x 50. Preparation
by R. L. Carpenter.
FIG. 20. Photomicrograph of the human fovea centralis. x 200. Prepara-
tion by R. L. Carpenter...1
FIG. 21. Photomicrograph of the fovea centralis of a hawk. x 50.
FIG. 22. Photomicrograph of the fovea centralis of a hawk. x 200.
FIG. 23. Photomicrograph of the swallow retina showing fovea centralis (FC)
and fovea temporalis (FT). x 25. From collection of R. L. Carpenter.
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tions that the fovea of reptiles and birds is a more highly developed
structure than that in anthropoids and man.
In an address given by Professor G. Elliott-Smith12 in 1928 on
the subject "The NewVision," he attributes the changes which occur
in the structure of the parts of the anthropoid brain concerned with.
vision, as due to the origin of the macula, which is also, according to
him, responsible for the profound evolution of the nature of vision
in apes and man. In this connection he says, "The crucial impor-
tance of the spectral tarsier for the study of these problems is now
widely recognized. This interesting creature has almost, though
not quite, developed into a monkey. The essential and funda-
mental factor in the evolution of a real monkey is the development
of a macula lutea and all that this involves in a series of profound
changes in the nervous system, and an even more striking influence
on the animal's behavior and capabilities." He cites Professor
Woollard, who studied the retina of Tarsius, and who found there
what I take to be an area centralis retinae-a local thickened area
with an increase in the number of elements. He speaks of this as a
primordium maculae and contrasts this with the true fovea such as
occurs in a primitive monkey, e.g., the marmoset. He attributes the
development of the true macula as intimately associated with the
altered position of the eyes and the almost overlapping of the visual
fields. The position of the eyes has already changed in Tarsius, but
accordingto him the rearrangement ofthe optictracts in this creature
does not seem to have attained a stage that is essential before the
macula candevelop. Hesays further, "Before this importantchange
can take place in the retina all the fibers coming from the temporal
side of the retina should remain uncrossed for the macular area
develops in theline where the temporal and nasal fields of the retina
meet, and one-half ofittransmits fibers which remain uncrossed, and
the other half transmits fibers which cross to the other side of the
brain. Hence until the re-arrangement of the fibers in the optic
chiasm has been completed the true macula cannot develop. Inti-
mately linked with this process of evolution is the development
ofa wide range and a greater exactitude in the conjugate movements
ofthe eyes."
Now it may well be that Tarsius has an area centralis retinae,
but so have the Chelonians. That the true fovea cannot develop
until the optic fibers become arranged as assumed, is not substanti-
ated, for a very prominent fovea centralis develops in Lacertilia
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where there is complete crossing of the optic tracts and a fovea later-
alis is present in many salt-water fishes where there is also complete
crossing. In amphibia with complete decussation, there is no fovea,
so I cannot see that the development of the fovea is in any way inti-
mately bound up with any particular arrangement of crossed and
uncrossed opticus fibers. That the development of a wide range
and agreater exactitude in conjugate movements is intimately linked
with foveal development is not borne out for the Chameleon, for
4~~~~~
FIG. 24. Diagrams showing fovea lateralis in three salt-water fishes. (a, Hippo-
campus guttulatus; b, Serranus scriba; c, Coris julis). Photographed from Kahmann
(1936). Fo, fovea lateralis.
although he may enjoy temporary binocular vision, he exhibits
marked independent movements of the eyes and probably, for the
most part, uses only monocular vision.
Itwould seem fromthestudies ofKahmann25 that marked motil-
ity of the eyes is associated with foveal development, but this does
not necessarily imply the existence of binocular vision. In 21
marine bony fish, from 10 families, which possess well-developed
eye movements, he found a fovea lateralis (figure 24), and these
forms exhibit definite monocular vision. The absence of the fovea
in fresh-water fishes is apparently associated with alack ofeye musde
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movements. In forms higher than the fishes the fovea lateralis,
wherever it exists, presumably gives binocular vision. Some snakes
are described as possessing the lateral fovea.
Whereas it is seen that foveal development and ability to move
the eyes seem to go together, conjugate movements are not neces-
sarily implied, nor is binocular vision. In this connection Kahmann
points out that the presence of a fovea in so many animals, among
which a binocular use of the eyes is never made, shows us how much
monocular vision predominates. Professor Elliott-Smith also attri-
butes profound effects in cortical development to macular vision.
In this connection he says, "In the case of tarsier and the marmoset,
two creatures not very dissimilar in size, the brain of the monkey is
much bigger, perhaps as much as five times the weight of that of
Tarsius. The chief reason for this contrast is the development of
the macula and in association with it the large number of new fibers
which pour into the lateral geniculate body and through it stimulate
a series of profound changes in the neopallium."
If the development of the macula is responsible for the greatly
increased size ofthe marmoset brain overthat of Tarsius, then might
we not expect profound changes in the Lacertilian brain as compared
with that of the Chelonians, and might we not expect also similar
evolutionary advances in the brain of.those birds possessing a highly
developed central fovea, especially in those containing two foveas?
Of course, in the forms below the mammals there are no optic radi-
ations and also no neopallium to stimulate, but even here the greatly
increased number of fibers pouring into the primary optic centers
from the fovea should produce an equivalent effect upon these cen-
ters connected with the primary optic stations-if the assumed prin-
ciple of stimulation is valid.
In a recent paper by Walls" some very stimulating ideas are
advancedregarding the significance of the foveal depression. It has
been generally regarded that the attenuation or displacement of the
retinal layers atthe fovea presents a condition whereby the light may
reach the fo'veal cones unimpeded, i.e., without passing through the
ordinarily present nuclearlayers ofthe retina. This necessitates the
assumption, of course, that the transparency of the retina is less than
that of the vitreous, an assumption which Walls questions. He
justly calls attention to the fact in an afoveate area centralis, the
retina is thicker than the less specialized retina beyond its limits-
yet, in spite of this, the resolving power of the area centralis retinae
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is obviously much greater-thus indicatir
thin spot per se is apparendy not so imp
profile of the highly developed fovea of
of man, he makes a distinction between
Saurians being convexidivate-that of
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FIG. 25. Outline drawings of the fovea
centralis from various retinae. Redrawn from
Walls (1937). See text for explanation of
theoretical fovea.
ig that the production of a
iortant. In comparing the
diurnal Saurians with that
the two types, that of the
man, concaviclivate. He
regards the shallow fovea
as seen in such forms as
the woodpecker, pigeon,
and fowl as a mark of fo-
veal degeneracy brought
on bythe development of
nocturnality or ofdomes-
tication. Similarly, the
human fovea is regarded
as crude-either never
having developed to a
high degree or else being
degenerate. He argues
further that ifremoval of
tissues were desirable per
se, then the concaviclivate
form such as in man,
Sphenodon, and in poor-
sighted birds would be
superior to the convexi-
clivate forms (sharp-
sighted) of the diurnal
Saurians,andtheseforms,
upon this basis, should
have a fovealprofilesimi-
lar to the one shown in
figure 25. Dismissing
then the theory that the foveal depression has developed merely to
remove tissue, he produced reasons for regarding the limiting mem-
brane of the foveal clivus as constituting a refractive surface. The
internal limiting membrane cannot differ markedly from the rest of
the retina in refractive power or there would be a condition detri-
mental to vision. He regards the general retinal tissue as differing
from the vitreous in refractive index. If the retina had a lower
refractive index, total reflection in the deeper part of a convexidivate
fovea would render the central portion of such a fovea blind.
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Accordingly, he assumes that the retina has a higher refractive index
than has the vitreous. This, of course, would be of no consequence
in the retina generally because of the perpendicular incidence of the
light rays. In the fovea, however, the highly convexidival surface
refracts the light, thus broadening the retinal image and bringing
into play a larger number of visual cells than would otherwise be
the case (figure 26). By reason of this optical property, there thus
occurs at the fovea a mechanism which increases the resolving power
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FIG. 26. Convexiclivate fovea of Saurians to illustrate refraction of light along
the foveal clivus and spreading of the image on the foveal photoreceptors, according
to Walls (1937). Figure redrawn from Walls.
over that produced by the afoveate area centralis. By means of a
theoretical example, employing certain assumptions, Walls figures
the refractive index of the retina to be about 1.403 as compared with
1.336 for the vitreous. Even in the concavidivate human fovea
where the refractive index may not be as high as 1.4, there should
still be an expansion of the image, although such a fovea from this
optical standpoint would be inferior to that of reptiles and birds.
Walls' theory, which of course is built upon the assumption that
the retina has a higher refractive index than the vitreous, is not only
a very intriguing one but offers a much more reasonable explanation
for the significance of a fovea than its supposed function as merely
removing tissue to enhance the entrance of light to the photorecep-
tors. It remains, of course, to see whether this concept will stand
thetest ofthose whoexamineit from apurely optical viewpoint.
Visual Purple and the Function of the Rods
The association of visual purple, or rhodopsin, with the visual.
function of the rods has long been known. This photosensitive sub-
stance was discovered in 1876 by Boll,6 who designated it visual
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purple. It was later studied in much detail by Kuhne30 and still
later by many other investigators. Koenig first showed the relation
between the visibility curve at low intensities and the absorption
spectrum of visual purple. Many added physiological facts have
completely supported the early formed inference that visual purple
is concerned with twilight vision (rod vision).
As to the genesis of this pigment, many diverse opinions have
been elaborated. Ayres and Kuhne5 maintained that there is a rela-
tion between retinal pigment and the regeneration of visual purple.
They directly compared the epithelial pigment cell to a gland, the
secretion of which is visual purple. This idea was supported by
experiments in which the use of pilocarpin was found to reduce the
time of visual purple regeneration in the dog and rabbit. Kiuhne30
cited the parallelism between the time needed for the regeneration
of visual purple in the frog and the length of time in which dark
adaptation is first accomplished as evidence of a relationship between
the two. This relation has not proved valid in mammals where the
retinal pigment is sparse and where there is probably no migration.
Furthermore, we know that visual purple occurs in the pigment-free
portions of the retina in many animals and in the eyes of albinos.
Garten17 suggested that the pigment as such had nothing to do
with the formation of visual purple, but merely the basal part of
the pigment cell.
We know that when a dark-adapted retina is exposed to the
light, its color fades from pink to yellowish and finally to white.
If it is again placed in the dark it will regenerate its pink color. On
this matter there has been difference of opinion, for some observers
daim that it will regenerate only if the retina is accompanied by the
pigment epithelium, thereby favoring the idea that the pigment cell
is responsible for its generation.
Although Kuhne30 reported that visual purple in solution will
regenerate some of its color in the dark, this observation has appar-
ently never been confirmed until recendy by Hecht"9 and his
co-workers.
Boll' observed that in frogs the pigment epithelium firmly
adheres to the retina when exposed to light, thus implying some
functional relation between this tissue and the visual purple. The
carotenoid nature of visual purple, first suggested by Boll,6 has
recently been confirmed by Wald,4 .42 who has shown that the pig-
ment epithelium contains large stores of vitamin A and xanthophyll
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esters. Since the presence of vitamin A is now known to be defi-
nitely essential to the production of visual purple, it becomes appar-
ent that the storage of this substance in the pigment epithelium
firmly establishes an important relation between this cellular layer
and the retina proper. Light apparently liberates from the visual
purple a carotenoid, retinene, which by a reaction independent of
Retii,a
+protein -* visual purple (CIrfnene)
Clsoroi;& Pignzentlaler (r<lermal Iphotic
b >> ~~vilamin A \
lpo4ucts +vitainin A I protein
FIG. 27. Diagram showing the vitamin A-retinene-visual purple cycle as
conceived by Wald. Redrawn from Wald (1935).
light is converted to vitamin A. Vitamin A and retinene are also
the precursors of visual purple. The visual processes, therefore,
constitute a cycle, as illustrated in figure 27.
It has been known for some years, as the result of experiment,
that animals deprived of vitamin A become night-blind, due to
failure to synthesize visual purple (Fredericia and Holm,"6 Tan-
sley38), and even before this relation had been definitely understood,
it was known that men going on long sea voyages became night-
blind. The condition has always been prevalent among people
living under poor conditions, such as bad nourishment among pris-
oners and among orthodox Russians during the Lenten fasts. The
use of liver as a cure has been widespread. According to Tansley,
the earliest reference appears in Eber's Papyrus dated about
1500 B.C. Liver treatment was apparently recommended also by
Hippocrates.
I wish now to describe to you a histological finding in the retina
which may be related to the visual purple cycle. In 1909 Kolmer
found that when the retina was preserved with a dichromate fixative
containing acetic acid and stained subsequently with iron hema-
toxylin, there occurred on and between the visual cells deeply stain-
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ing granules or "droplets." In dark-adapted retinae these granules
were abundant, whereas in light-adapted retinae they were sparse,
and since pilocarpin injections brought about an increase, he stressed
their secretory nature and their origin from the pigment epithelium.
Failureto find them in the pure cone retinae of reptiles led Kolmer27
to the assumption that they have something to do with the function
and perhaps with the appearance of visual purple (figure 28).
Some years ago when inthe Orient, I had an opportunity to study
the pure rod retina ofthe nocturnal Gecko. Using Kolmer's technic
I was able to substantiate his findings in that the droplets were
abundant in dark-adapted eyes and less so in light-adapted eyes,.
although intergrades between the typical light and dark condition
could be seen in the same retina. In this study it appeared that
there was an inverse relation between the number of droplets present
and the amount ofdeeply staining granular material in the rod outer
segment, and a definite relation of these droplets to the pigment
epithelium as Kolmer assumed was not supported. The eye of the
field-mouse, with its preeminently rod retina, if not entirely so,
showed the same condition, whereas in the retina of the diurnal
lizard (Eremias) with cones only there was no evidence of these
granular structures (figures 29, 30, 31).
Following my communication, Kolmer28 published another
paper, altering his original view and supporting my own that they
probably do not arise per se from the pigment epithelium.
The suggestion that their presence in rod retinae might indicate
their relation to visual purple, became somewhat complicated by
the observations of Hecht and Williams,22 who produced evidence
favoring the presence of a single photosensitive substance (probably
visual purple) in both rods and cones. Their conclusions were based
upon the close similarity of the curves representing the visibility of
the spectrum at low and at high intensities. Hecht pointed out that
the failure to demonstrate optically this substance in the cones could
not constitute a denial of its presence, since it might be present in
such great dilution that it is beyond the limits of visibility. Accord-
ingly, it was argued that if such were the case, the failure to demon-
strate the "droplets" in pure cone retinae might be explained on the
same grounds-assuming, of course, that they are related in some
way to the photosensitive substance. This argument naturally has
proved worthless, for recentlyWald43 has demonstrated the presence
of a different photochemical substance in the cones of the chicken
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FIG. 28. Iron hematoxylin preparations of the frog retina after dichromate
fixation according to Kolmer (1909), showing characteristic "droplets" on and
between the rod visual cells. A) dark-adapted retina; B) light-adapted retina;
C) light-adapted retina subsequent to pilocarpin injections. The droplets are
absent in B.
FIG. 29. Photomicrograph of dark-adapted frog retina showing Kolmer's
"droplets" on and between the outer segments of the visual cells. x 850.
FIG. 30. Photomicrograph of dark-adapted Gecko retina showing "droplets"
on and between the rods. x 850.'.4
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FIG. 3 1. Photomicrograph of isolated retina of the rhesus monkey showing
"droplets" on the rod outer segments.
FIG. 32. Photomicrograph of 13-day rat showing "droplets" on the develop-
ing rod visual cells. x 850.
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with an absorption spectrum differing from that of visual purple.
This substance he has named iodopsin.
In an experimental study which I made of the developing rat
retina, the stained droplets in the fixed retinae could not be detected
until the period when visual purple was first noted in the isolated
dark-adapted retina. This correlation was first visible about 12
to 13 days after birth, and suggested further that the droplets are
associated in some way with the visual purple cycle (figure 32).
In order to investigate further whether the formation of these
droplets depends upon the intactness of the pigment epithelium, a
student of mine, Miss Johnson,24 undertook the problem of eliminat-
ingthe outer layer of the embryonic optic cup in the developing eyes
of Salamanders with the view of obtaining a retina without a pig-
ment epithelium. This was accomplished by grafting the dome
of the inner layer of the embryonic optic cup into abnormal places
such as into the otic region, in the lateral ventricle of the brain, in
the lateral belly wall, and in other regions.
In a number of cases a retina developed which totally lacked the
pigment epithelium. Typical rods and cones differentiated. In
these eyes droplets were found surrounding the outer segments of
the visual cells as in a normal eye. She was not able to demonstrate
any relation between the number of droplets and the amount of
deeply staining striated material within the rod outer segments such
as was apparent in the Gecko eye.
The possible significance of this histological picture in relation
to the visual purple functions of the rods has recently been brought
into question by Walls,45 who says, "this mutual exclusiveness of the
'droplets' and 'striations' is interesting, but a relation of these
phenomena to each other or of either to rhodopsin is unlikely. I
consider 'Kolmer's droplets' to be artefacts and have yet to see them
in sections of any type of retina embedded in pyroxylin and stained
as Detwiler recommends." In other words, Walls considered these
structures as artefacts due to paraffin embedding. Stimulated by
Walls' criticism, Zwemer and Il" studied the phenomena further in
frog eyes embedded in celloidin, and also in those eyes fixed in
neutral formalin, stained with Sudan III or IV, sectioned with the
gelatin-freezing technic and mounted in glychrogel according to the
method ofZwemer.48 We were able to obtain the droplets by these
different methods and our histological studies led us temporarily at
least to regard them as lipoid in nature-staining similarly to
cephalin.
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If our assumption is at all valid, that there may be a correlation
between these so-called droplets and the visual purple cyde, a rela-
tion of the lipoid-soluble vitamin A to night vision should be given
a histological basis by studying the conditions in animals with vita-
min A deficiency. Such a study has been undertaken on rats suffer-
ing from extreme avitaminosis A, by Miss Johnson, who reports that
in some of these extreme cases she not only fails to find the droplets,
but there are areas where the rods themselves, as well as the adja-
cent pigment epithelium are entirely degenerated. Since only a
few preliminary observations have been made, it would be unwise
to attempt to discuss the matter further at this time. The chief
interest in the whole problem lies in the possibility of correlating a
histological picture with a physiological process. Such structure-
function correlations constitute the essential problems of the histol-
ogist. One could cite many cases to illustrate a specific or character-
istic histological picture concomitant with a definite physiological
phase ofactivity-particularly in glandular cells. There seems to be
no a priori reason, therefore, in the case of the retina where, in con-
nection with the visual purple functions, profound chemical and
physiological changes are taking place, that some histological evi-
dence of these changes should not be demonstrable.
I am aware of the fact that there are many aspects of the retina
which of necessity I have been unable to discuss adequately because
of the restrictions of time and the limitations of my own knowledge,
but I hope that what I have presented may have been of interest to
you, and that it was less arduous to receive than to give.
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